ABSTRACT: This study investigated the effects of salt concentration in polyelectrolyte multilayering (PEM) treatment on the properties of ground calcium carbonate (GCC) and the mechanical strength of the filled paper with the PEM treated GCC. Polydiallyldimethyl-ammonium chloride (PDADMAC) and poly(sodium 4-styrene sulfonate) (PSS) were used as cationic and anionic polyelectrolyte, respectively, for the PEM treatment. The PEM treatment was performed in 0 -0.1 M NaCl solutions. Polyelectrolyte multilayers could be formed without flocculation of the PEM treated GCC particles, which was confirmed by the zeta potential and particle size of GCC. The amount of polymer adsorbed onto GCC showed different behavior depending on salt concentration. At relatively higher salt concentration (0.1 M NaCl) in this study, more adsorption of polyelectrolytes occurred, which resulted in a thick multilayer on GCC. In addition, it provided strength improvement of the filled paper when the PEM treated GCC was used as filler. As a results, salt concentration during PEM treatment affected both of properties of the PEM treated GCC and mechanical properties of filled paper.
Introduction
Inorganic mineral particles such as ground calcium carbonate (GCC), precipitated calcium carbonate (PCC), and clay are widely used in papermaking industry as fillers or pigment for coating. The benefits of using the inorganic mineral particles, especially as fillers, are to improve optical properties and to save product cost and drying energy consumption (Shen et al. 2009 ). Since pulp fibers are much more expensive than fillers, an increase of filler content is of great interest in papermaking industry. However, the increase in filler content is accompanied by a negative effect on mechanical properties of paper due to a decrease in degree of fiber bonding and weak bonding strength between fiber and filler (Hubbe and Gill 2016) . Besides, fillers have several troubles related to poor retention efficiency (Kamiti and van de Ven 1994) , low sizing degree (Gill 1989) , dusting (Lourenco et al. 2014) , etc. Therefore, it is important to increase filler content while minimizing these problems. The most important thing to overcome when increasing the filler content is the reduction of paper strength. One of the approaches to solve the problem is surface modification of filler particles. There are many studies on filler modification with starch or starch derivatives (Yan et al. 2005; Zhao et al. 2005; Yoon and Deng 2006) , cellulose derivatives (Shen et al. 2010) , and inorganic compounds (Lourenco et al. 2014; Lourenco et al. 2015) . These studies provide positive results to increase filler content without losing paper strength.
Polyelectrolyte multilayering (PEM) technique, that is, alternating adsorption of oppositely charged polyelectrolytes onto substrate (Decher and Hong 1991) , can also be one of the strategies for surface modification of fillers. Since the first introduction of PEM technique to paper science by Wågberg et al. (2002) , surface modification of pulp fibers or fillers through PEM technique has been studied for improvement of paper strength (Wågberg et al. 2002; Eriksson et al. 2005; Ryu et al. 2011; Chin et al. 2012 ). In addition, PEM was introduced to give paper functionality such as conductivity (Agarwal et al. 2006; Wistrand et al. 2007; Lee et al. 2012) , antibacterial activity (Imani et al. 2011; Illergård et al. 2012; Illergård et al. 2015) , etc. Some previous research about filler modification through PEM technique shows the possibility to improve filler retention level (Lee et al. 2013a; Lee et al. 2013b ) and strength of filled paper (Ahn et al. 2012) . However, thr process of PEM treatment and characteristics of PEM treated fillers should be studied further to maximize advantages of PEM treatment on fillers for higher filler retention and higher strength of filled paper.
Since the concept of Layer-by-Layer multilayer was introduced by Decher and Hong (1991) , numbers of studies have been published of the process of multilayering and the characteristics of multilayer. As a formed multilayer affects the performance of the PEM treatedsubstance, understanding of the characteristics of the multilayer is important. The characteristics of the polyelectrolyte multilayers such as thickness and viscoelastic properties are affected by the nature of polyelectrolytes such as molecular weight and charge density, and treatment conditions such as ionic strength, pH, temperature, and rinsing protocol (Schönhoff 2003b) . Many researchers have found that ionic strength, i.e. salt concentration of the polyelectrolyte solution is a dominant factor for the growth of multilayer and properties of the multilayer in addition to concentration of the polymer solution, adsorption time, and molecular weight of polyelectrolytes (Dubas and Schlenoff 1999; Schlenoff and Dubas 2001; Voigt et al. 2003) . Configuration of polyelectrolyte chains such as stretched-up or coiling-up is determined by salt concentration of the polyelectrolyte solution (Dobrynin et al. 1995; Liu et al. 2003) . Charged particles are also affected by so called "charge screening effect" (Terao and Nakayama 2001) . Therefore, it is necessary to examine the interaction between polyelectrolyte and filler particles, and characteristics of multilayer growth on filler particles by controlling salt concentration for the application of PEM technology to filler particle.
Polydiallyldimethylammonium chloride (PDADMAC) and polysodium 4-styrene sulfonate (PSS) are barely used for strength agents in papermaking industry. In spite of this fact, the characteristics of multilayer consisting of PDADMAC and PSS were investigated because of their simple polymer structure and stoichiometry (Guzmán et al. 2009; Adamczyk et al. 2014; Michna et al. 2015) . It was expected that understanding of how the properties of multilayers containing PDADMAC depend on salt concentration would contribute to construct appropriate multilayers on fillers for great strengthening effect on filled paper. Therefore, this study aimed to investigate the effect of salt concentration on the formation of PEM onto GCC using PDADMAC, the properties of the PEM treated GCC, and the properties of filled paper with the PEM treated GCC.
Materials and Methods

Materials
Polyelectrolytes used for PEM treatment were polydiallyldimethylammonium chloride (PDADMAC, Mw 100,000 -200,000 g/mol, Sigma Aldrich) as a cationic polyelectrolyte, and poly(sodium 4-styrene sulfonate) (PSS, Mw ~200,000 g/mol, Sigma Aldrich) as an anionic polyelectrolyte. Sodium chloride (NaCl) was used to control salt concentration. Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used to adjust pH. Ground calcium carbonate (GCC, Hydrocarb 75K, Omya), was used as inorganic filler particles. As GCC was used as supplied, the GCC had negative charge because of the presence of dispersant, and the volumetric average particle size of the GCC was 2.0 μm. Mixed hardwood bleached pulp fibers (Hw-BKP, Moorim P&P) were used after beating to 400±10 mL CSF (TAPPI methods 227 om-99) using a laboratory beater. Cationic polyacrylamide (C-PAM, Percol 63, M w 8×10 6 g/mol, BASF) and anionic micropolymer (Telioform M300, M w 2×10 6 g/mol, BASF) were used as retention aids. The charge density of C-PAM and micropolymer was +2.5 meq/g and -7.0 meq/g, respectively.
Formation of polyelectrolytes multilayer on GCC
The polyelectrolyte multilayering process is represented in Fig 1. Formation of a polyelectrolyte layer consisted of an adsorption step and two times washing step. In the adsorption step, polyelectrolyte was added to the filler suspension (30 wt%) under stirring at 3000 rpm and mixed for 5 min. The washing step consisted of removal of excess polyelectrolyte that was not adsorbed on filler particles and re-dispersing process. The non-adsorbed polyelectrolytes were removed by sequential process of centrifugation for 20 min at 3000 g using a centrifuge (Union 5kr, Hanil, Korea), and decantation of supernatant. After dilution of the sediment fillers to 30 wt%, the suspension was redispersed by using an ultrasonicator (VCX 750, Sonics, USA). The polyelectrolyte multilayer was formed by alternate adsorption of a cationic polyelectrolyte layer and an anionic polyelectrolyte layer. In this study, GCC particles were consecutively treated using PDADMAC and PSS. Each addition level of PDADMAC and PSS was 1 wt% based on oven dried weight of GCC. Salt concentration during PEM treatment on GCC was 0.01 M NaCl and 0.1 M NaCl. The control treatment used fresh deionized water instead. The pH was kept at pH 9.0±0.5.
Zeta potential and particle size of PEM treated GCC
After the PEM treated GCC was diluted to 0.1 g/l using 0.01 M NaCl at pH 9, the zeta potential of PEM treated GCC was measured by using Zetasizer Nano ZS (Malvern, UK). The particle size was measured by using Mastersizer 2000 (Malvern, UK). For the particle size measurement, PEM treated GCC were diluted to 0.01 g/l using 0.01M NaCl at pH 9. The average particle size was presented as volumetric average particle size.
Adsorbed amount of polyelectrolytes
The adsorbed amount of PDADMAC was evaluated by analysis of nitrogen content using Kjeldahl Protein/Nitrogen Analyzer (Kjeltec Auto 1035/1038 System, Tecator AB, Sweden). As in the system of PDADMAC/PSS, only PDADMAC contains nitrogen, the adsorbed amount of PDADMAC can be calculated using calibration line of polyelectrolyte concentration-nitrogen content.
The adsorbed amount of PSS was quantified by sulfur content analysis. First, the PEM treated GCC (about 0.5 g) was added to a mixed solution composed of 8 ml HNO 3 , 1 ml HCl, and 1 ml H 2 O 2 . The mixture was digested using a microwave digester (Multiwave 3000, Anton Paar, Austria) for 70 min, and then sulfur content in the mixture was analyzed using an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-730 ES, Varian, Australia). The adsorbed amount of PSS was calculated using calibration line of PSS concentration-sulfur content.
Evaluation of growth of PDADMAC/PSS multilayer using Quartz Crystal Microbalance with Dissipation
The formation of PDADMAC/PSS multilayer was evaluated using Quartz Crystal Microbalance with Dissipation (QCM-D, E-100, Q-Sense, Sweden). The QCM-D crystals were AT-cut silicon-dioxide-coated crystals (Q-Sense AB, Sweden) with a fundamental resonance frequency of f 0 ≈ 4.95 MHz and a sensitivity constant of C ≈ 18.06 ng/m 2 ·Hz. The sensors were cleaned in an RCA solution at 65°C for 10 min (Kern and Puotinen 1970) before QCM-D monitoring. The multilayer was formed by alternately passing 1 g/l polyelectrolytes solutions (in distilled water or 0.1 M NaCl solution) using a peristaltic pump. For washing steps, deionized water or 0.1 M NaCl solution was passed. QCM-D data, i.e., the change in frequency (Δf) and change in dissipation (ΔD) were collected simultaneously at the fundamental resonance frequency 5 MHz, and at 15, 25, and 35 MHz (overtone number = 1, 3, 5, and 7). According to Ramos et al. (2010) being the density of the solvated polymer film. The normalized frequency changes, i.e., Δf = Δf i /i of 5 overtones, were employed for Eq 1. It is known that the density of PDADMAC and PSS is between 1.0 -1.2 g/cm 3 while the density of water and salt solution is 1.0 g/cm 3 (Ramos et al. 2010) . Thus, the thickness calculated from QCM-D data may be overestimated by at most 20%.
Handsheet preparation and evaluation of filled handsheet properties
Filled handsheets were prepared using a square handsheets former. Retention system was micropolymer system. Fillers, C-PAM, and micropolymer were added into 0.5% pulp stock in sequence. Addition levels of C-PAM and micropolymer were 0.04% and 0.06% based on the dried weight of fibers and fillers, respectively. Target grammage and filler content of the filled handsheets were controlled to 80±4 g/m 2 , and 15-35%, respectively. After making wet sheets, 5 times couching, pressing at 3.5 bar using a laboratory press machine, and drying at 120°C using a cylinder dryer were conducted. The dried handsheets were pre-conditioned at 23±1°C and 50±2% RH.
Fillers content in the filled handsheets was evaluated by measurement of ash content using a furnace in accordance with TAPPI test method T211om-93. Tensile strength of the filled handsheets were measured with tensile tester (L&W Co., Sweden) in accordance with TAPPI test method T494om-96. Tensile index was calculated with the measured grammage. Internal bond strength of the filled handsheets was measured in accordance with TAPPI test method T569pm-00 (Scott type internal bond strength).
Results and Discussion
PDADMAC and PSS are strong polyelectrolytes whose characteristics are affected by ionic strength, i.e. salt concentration. In the presence of salt in polyelectrolyte solution, counter ions screen the charge sites of polyelectrolyte, thus the polyelectrolyte chain is changed from fully extended rod-like configuration to random coil configuration (Dobrynin et al. 1995) . As well as the strong polyelectrolytes, counter ions also screen charges of inorganic particles such as GCC. In general, GCC has negative charge because of the presence of dispersant. Thus, the influences of salt concentration on the charge of GCC and formation of first layer with PDADMAC should be investigated before PDADMAC/PSS multilayering on GCC.
Fig 2 shows the zeta potential of GCC depending on salt concentration of the GCC suspension. The zeta potential of GCC was not significantly changed until 0.01 M NaCl, but the zeta potential became weaker with an increase in salt concentration above 0.01 M NaCl. Fig 3 presents the zeta potential of the GCC with a PDAMAC layer formed at different salt concentrations. First, the salinity of the GCC suspension was adjusted, and then PDADMAC was added into the GCC suspension. After this adsorption step, excessive PDADMAC was removed through the washing steps. The zeta potential of GCC turned from negative to positive by a build-up of PDADMAC layer, and it was maintained up to 0.1 M NaCl conditions. In this range of salt concentration, the zeta potential of GCC with a PDADMAC layer showed similar values. Above 0.1 M NaCl, however, the zeta potential of GCC with aPDADMAC layer was decreased and it gradually moved to negative potential. It seems that the PDADMAC layer was not formed on the surface of GCC in more than 0.3 M NaCl. This phenomenon is related to charge characteristics of PDADMAC affected by ionic strength. Adamczyk et al. (2014) report that the effective ionization degree of PDADMAC keeps a constant value up to 0.01 M NaCl, but the effective charge decreases above 0.01 M NaCl. In the reference, the PDADMAC shows relatively high values of positive mobility at NaCl concentrations from 0.01M to 0.15M, resulting in slender body (extended chain) of the PDADMAC. However, this chain configuration is changed to coil form when the salt concentration is higher than 0.15 M NaCl, due to the fact that effective charge is weakened. In other words, a stable PDADMAC layer can be formed with strong charge characteristics at less than 0.15 M NaCl, but the PDADMAC layer formed above this salt concentration would be unstable. Therefore, we considered that the appropriate salt concentration for PDADMAC/PSS multilayering on GCC may be limited to 0.15 M NaCl.
The effect of salt concentration on the properties of the PEM treated GCC was investigated by controlling the salt concentration from 0 M to 0.1 M NaCl . Fig 4 presented zeta potential of PDADMAC/PSS GCC depending on salt concentration during PEM treatment. The zeta potential showed a positive value at the odd layers in which PDADMAC was the outermost layer, whereas it was negative value at even layers in which PSS was the outermost layer. This change in the zeta potential indicated that a PDADMAC/PSS multilayer was successfully formed. There were differences of zeta potential depending on salt concentration, especially at the odd layers. The adsorbed amounts of PDADMAC and PSS at the different salt concentrations are shown in Fig 5. The adsorbed amounts of PDADMAC and PSS increase linearly along with an increase in layer number. There was no difference between adsorbed amounts at 0 M NaCl and 0.01 M NaCl, but the adsorbed amount at 0.1 M NaCl was much greater. The high salt concentration changed the conformation of the polyelectrolytes to coil-like form, thus this led to much more adsorption of the polyelectrolytes.
The characteristics of the PDADMAC/PSS multilayer was evaluated by QCM-D. Fig 6 shows frequency changes (Δf) and dissipation changes (ΔD) during growth of PDADMAC/PSS multilayer onto an oxidized silicon surface. The Δf and ΔD were increased with an increase in layer number. The Δf and ΔD in 0.1 M NaCl condition were higher than those in 0 M NaCl. According to Ramos et al. (2010) , if ΔD/(-Δf) is less than 0.2×10 -6 /Hz, adsorbed amount and thickness are related to only the frequency changes (Δf), and the surface is defined as a rigid one.
Thus, the change in frequency (Δf) was proportional to the adsorbed amount of PDADMAC and PSS, as shown in Fig 5. The thickness obtained from the change in frequency (Δf) is shown in Fig 7. Thickness of the PDADMAC/PSS multilayer was proportional to the layer number. The thickness of the seven layers GCC was 6 nm for 0 M NaCl, and 16 nm for 0.1 M NaCl. Although the effective radius of polyelectrolyte at the lower salt concentration is greater, the polyelectrolytes are adsorbed onto a substrate surface with flat conformation at low salt concentration (Schönhoff 2003b) . The increase in salt concentration led to coil-like conformation of polyelectrolytes, which resulted in more adsorption and loop-tail structure. The QCM-D data supported that PDADMAC/PSS multilayer built at 0.1 M NaCl was thicker than the multilayer built at 0 M and 0.01 M NaCl. The dissipation change depends on the rigidity of the polyelectrolytes adsorbed onto surface (Tammelin et al. 2004; Lingström and Wågberg 2008) . It is known that strong polyelectrolytes such as PDADMAC and PSS form thin multilayers due to the strong electrostatic interaction (Schönhoff 2003a; Lingström and Wågberg 2008) . The dissipation data in this study showed very low values compared to dissipation values such as starches (Lundström-Hämälä et al. 2010) . The low dissipation values indicate strong interaction inside the multilayer and a small number of loops and tail at the outermost layer (Enarsson and Wågberg 2008) . However, an increase of salt concentration gave higher dissipation, and this meant that the multilayer formed at 0.1 M NaCl had less rigid structure. These changes at 0.1 M NaCl would result in higher mobility of polyelectrolytes at the outermost layer. Fig 8 and Fig 9 showed the average particle size of PDADMAC/PSS GCC and size distribution, respectively. The particle size of PDADMAC/PSS GCC stayed constant at around 2 μm until seven layers regardless of salt concentration. This unchanged particle size with an increase in layer number meant that PDADMAC/PSS multilayer was formed on individual particles without any flocculation. This interpretation was supported by the size distribution result in Fig 9, which shows similar distribution between untreated GCC and GCC with seven PDADMAC/PSS layers GCC. This indicates that PDADMAC/PSS multilayers on the surface of GCC provided enough electrostatic repulsion between the PEM treated GCC. Fig 10 and Fig 11 show the tensile index and the internal bond strength of filled handsheets. The PD3 (0M) and PD7 (0M) GCC were prepared at relatively low salt concentration until three layers and seven layers, respectively. On the other hand, the PD3 (0.1M) and PD7 (0.1M) GCC were prepared at relatively high salt concentration (0.1M NaCl) until three layers and seven layers, respectively. The filled handsheets with PDADMAC/PSS GCC with three layers showed a small increase in the strength at the same ash content compared to the filled handsheets with untreated GCC. In this layer step, the mechanical strength of the filled handsheets was not affected by salt concentration. On the other hand, there was a great improvement of the strength in the case of the filled handsheets with 7 layer PDADMAC/PSS on GCC. PD7 (0M) GCC increased the tensile index by 12% and the internal bond strength by 16% at the same ash content (26%) compared to untreated GCC. In the case of PD7 (0.1M) GCC, i.e. high salt concentration condition, the tensile index and the internal bond strength of filled handsheets at 26% ash content increased by 24% and 66%, respectively. The high adsorbed amount of polyelectrolytes at high salt concentration might contribute to improve strength of filled paper. PDADMAC is more widely used as a fixing agent rather than a dry strength agent in papermaking. Because PDADMAC does not have hydrogen bonding sites and the adsorbed PDADMAC onto surface of fibers generally shows flat conformation, PDADMAC is not as efficient as other dry strength agents for improvement of paper strength. In spite of this general view, the multilayering of PDADMAC and PSS showed quite good ability to improve strength of filled paper in this study. There are some previous studies for PDADMAC/PSS multilayer resulting in improvement of paper strength. It has been suggested that the formation of PDADMAC/PSS multilayer increases molecular contact area between fibers and thus joint strength between adjacent fibers is increased (Lingström et al. 2006 ). In addition, it has been proposed that an increase in molecular mobility and strong interaction inside multilayer contribute to strength improvement of paper (Lingström and Wågberg 2008) . Bonding between fibers can be caused by not only hydrogen bond but also van der Waals forces, Coulomb forces, interdiffusion, capillary forces, and interlocking mechanisms (Wågberg 2009; Hirn and Schennach 2015) . Polymer chains onto the surface of the PEM treated GCC might cause bond such as van der Waals interaction and coulombic bond at the interfaces between the PEM treated GCC and fiber and at the interfaces between the PEM treated GCC particles. In addition, the increased mobility of the outermost layers (described in Fig 6) in the case of high salt concentration might contribute to strong interdiffusion of polymer chains into surface of fibers. Therefore, it is suggested that thick and bulky multilayer of PDADMAC/PSS provided greater strength improvement of filled paper.
Conclusions
This study investigated the influences of salt concentration on the formation of PDADMAC/PSS multilayer on GCC particles and the properties of PEM treated GCC. Even though the zeta potential of GCC became weakened with increased salt concentration, PDADMAC can be stably adsorbed onto GCC particles up to 0.15 M NaCl. At relatively low salt concentration, there was no difference in the adsorbed amount of polyelectrolytes and the electrokinetic property of PEM treated GCC between the cases of 0 M NaCl and 0.01 M NaCl. However, a relatively high salt concentration such as 0.1 M NaCl, results in a much higher adsorbed amount of polyelectrolyte, which contributes to thicker and soft multilayers on GCC. The formation of PDADMAC/PSS multilayers onto GCC particles did not affect particle size of PEM treated GCC regardless of salt concentration. This indicated that the multilayers were formed onto individual particles. Therefore, it is demonstrated that the properties of PEM treated GCC, such as electrokinetic property and adsorbed amount of polymers, could be controlled by salt concentration in PEM process. In addition, the increase in the adsorbed amount of polymers at higher salt concentration could improve the mechanical properties of the filled paper.
